Context: An independent association between obesity and preclinical carotid atherosclerosis has been demonstrated, however, the pathophysiological links were not clearly established. Body composition (BC) influences systemic hemodynamics and may participate in the remodeling of common carotid artery (CCA), independently of risk factors.
IMT below certain levels (3) may not reflect atherosclerotic disease, but vascular aging (4, 5) and adaptive response to hemodynamic changes leading to alterations in shear and/or tensile stress (3, 6, 7) . Shear and tensile stresses are interrelated, and the geometrical characteristics of arterial remodeling depend on the type of hemodynamic stimuli applied on the vessel (6, 8) .
Previous clinical observations have shown independent associations of obesity and abdominal adiposity with carotid IMT (9 -11) . The mechanisms by which the obesity is linked to early carotid atherosclerosis are not clearly established, even though the role of metabolic factors, like insulin resistance (12, 13) , and altered plasma adiponectin levels (10, 13) have been proposed. Yet, body composition and fat distribution may influence systemic hemodynamics, both systemic blood pressure (BP) (11) and total blood volume. Several studies have demonstrated that total blood volume, stroke volume, and cardiac output increase with body size (14 -16) , central fat distribution (16, 17) , and, above all, with metabolically active fat-free mass (FFM) (14 -16) that may account for as much as 50% of stroke volume variance (15) . Chronic increase in stroke volume results in a proportional increase in systolic flow and flow velocity in large arteries (such as CCA), and can be expected to induce a relative increase in their luminal diameter (6, 7) aimed to restore the shear stress to normal levels (6) . At a given BP, an increase in luminal diameter may be followed by an increase in wall thickness, i.e. IMT, meant to normalize tensile stress that is directly proportional to intraarterial pressure and arterial diameter, and inversely to arterial wall thickness (3, 7, 8) .
Based on these observations, a hypothesis can be raised that carotid remodeling and a certain degree of intima-media thickening can represent a physiological adaptation to hemodynamic pattern related to body composition. To test this hypothesis, we examined the associations between CCA structure (luminal diameter and IMT), body composition, and metabolic factors (including insulin sensitivity measured by a euglycemic hyperinsulinemic clamp and plasma adiponectin levels) in a large population of healthy subjects with low to average cardiovascular risk, without plaques in extracranial carotid arteries and with CCA IMT less than or equal to 0.9 mm, i.e. below the value that is considered indicative for atherosclerotic disease (3) . Such a selected study group, though not representative of the general population, allows evaluating the effect of body composition on carotid remodeling without influences of confounding variables. In addition, acoustic properties of the carotid wall, which are supposed to reflect the structural composition of the vessel (18, 19) , were evaluated by digital densitometric analysis (18, 20) .
Subjects and Methods
The study population is a part of the Relationship between Insulin Sensitivity and Cardiovascular risk (RISC) study cohort (www.egir.org). The design of the RISC study has been reported elsewhere (21) . Briefly, between June 2002 and July 2004, more than 1400 apparently healthy Caucasian subjects were recruited in 19 centers in 14 European countries. All recruited subjects were between 30 and 60 yr, and their BP (Ͻ140/Ͻ90 mm Hg), plasma cholesterol (Ͻ7.8 mmol/liter), triglycerides (Ͻ4.6 mmol/liter), and fasting and 2-h glucose (Ͻ7.0 and 11.1 mmol/ liter, respectively) were within normal limits. Exclusion criteria were the presence of chronic diseases, overt CVD, weight change of 5 kg or more in the last 6 months, carotid stenosis more than 40%, and treatment for hypertension, obesity, diabetes, or dyslipidemia. Local ethics committee approval was obtained by each center, and written consent was obtained from all participants.
Protocol
All participants underwent a standardized examination that included interviews, BP measurements, resting electrocardiogram, anthropometry, a fasting blood draw, an oral glucose tolerance test (OGTT), a euglycemic hyperinsulinemic clamp and high-resolution ultrasound of extracranial carotid arteries. Information regarding medical history, drug use, and alcohol and cigarette consumption was collected using a standardized questionnaire. Menopause was defined as menses cessation for at least 12 consecutive months. Clinical CVD was excluded on the basis of medical history and resting electrocardiogram. Brachial BP and resting heart rate were measured three times with a digital electronic tensiometer (model 705CP; Omron, Kyoto, Japan; regular or large adult cuffs were used according to arm circumference) and with the subject seated for at least 10 min. The mean value was used in statistical analysis.
Body composition assessment
Height was measured on a clinic stadiometer. Body weight and FFM were measured by electrical bioimpedance using a Body Composition Analyzer Model TB-300 (Tanita Corp., Tokyo, Japan) (22); fat mass was then obtained as the difference between body weight and FFM. Waist circumference was measured as the narrowest circumference between the lower rib margin and anterior superior iliac crest.
OGTT
After 3 d of a 250-g carbohydrate diet and after an overnight fast, glucose tolerance was assessed by a 2-h, 75-g OGTT. At baseline and at 30-min intervals thereafter, blood samples were obtained for glucose and insulin determination. Areas under OGTT time-concentration curves were calculated by the trapezoidal rule.
Insulin sensitivity
On a separate day (within 1 wk of the OGTT), a euglycemic hyperinsulinemic clamp was performed in all subjects following a previously described procedure standardized across centers (21) . Insulin sensitivity was expressed as the ratio of the M value (averaged over the final 40 min of the 2-h clamp and normalized by FFM) to the mean plasma insulin concentration measured during the same interval [index of insulin sensitivity (M/I), mol/min/kg ffm /nM] (23).
Analytical procedures
Plasma glucose was measured by the glucose oxidase technique (Glucose Analyzer; Beckman Coulter, Inc., Fullerton, CA). Serum concentrations of insulin were measured by RIA using a kit specific for human insulin (LINCO Research, Inc., St. Louis, MO). Serum total and high-density lipoprotein (HDL)-cholesterol and triglycerides were assayed by standard methods. Total adiponectin was measured in plasma using a validated in-house time-resolved immunofluorimetric assay, as previously described (24) .
Carotid artery ultrasound imaging
High-resolution B-mode ultrasound of extracranial carotid arteries was performed bilaterally, according to a previously described protocol (1). In the RISC study, the carotid images were obtained in each recruiting center by trained and certified technicians following a standardized protocol (21) and using high-resolution ultrasound scanners, all with a 7.5 or 10.0 MHz linear-array transducer.
Carotid artery ultrasound analysis
Carotid images were analyzed in a centralized reading center (Pisa) , by a single reader (M.K.) blinded to clinical data, using a high-resolution video recorder (Panasonic AG-MD830; Matsushita Electric Industrial Co., Ltd., Osaka, Japan) coupled with the computer-driven image analysis system Medical Image Processing (Institute of Clinical Physiology, Consiglio Nazionale delle Ricerche, Pisa, Italy) (20) . For the purpose of this study, end-diastolic unzoomed frames of the left CCA in longitudinal projection with well-defined intima-media complex of the near and far wall were selected. Selected images were digitized with a resolution of 576 ϫ 768 pixels and 256-degree gray scale per pixel. In the digitized image, a segment of adequate length (ϳ20 mm) was selected before the flow divider. In this CCA segment, the following measurements and analyses were performed: 1) the far-wall IMT, 2) the luminal diameter, and 3) a digital densitometry of the far-wall intima-media complex. The far-wall IMT was measured manually at five measurement points; the value used for statistical analysis represents an average of five measurements. The minimum luminal diameter was measured manually as the distance between the lumen-intima interfaces of the near and far wall (3) at five measurement points; the diameter used for statistical analysis represents an average of five measurements. The wall tensile stress in CCA at end diastole was estimated by the product between diastolic BP (DBP) and the ratio of lumen radius (r ϭ diameter/2) and wall thickness (wall tensile stress ϭ DBP r/IMT, kPa) (25) .
Digital densitometric analysis was performed by specifically developed and validated software (Institute of Clinical Physiology, Consiglio Nazionale delle Ricerche, Pisa, Italy) (20) . A region of interest (ROI), including the intima-media complex of the far wall, was selected. Within the ROI, digitized images were analyzed by first-order statistical analysis that generates a histogram representing the frequency distribution of gray levels of pixels by plotting the gray values on the abscissa and the frequency of the occurrence on the ordinate. The histogram was described in terms of average pixel intensity, i.e. mean gray level (MGL). To adjust for different ultrasound attenuation and different gain settings in different study subjects, two calibration steps were introduced into the analysis of each subject. The effect of gain setting was restrained by calibrating the gray level amplitude of the ROI against vessel lumen (blood) taken as the blank (mean gray value ϭ 0), whereas the effects of imaging depth and attenuation were minimized by calibration against an internal reference represented by the adventitia (MGL ϭ 160) (20, 26) . Densitometric analysis used in this study was previously validated against histological analysis of intimal lesions (20) and against integrated backscatter analysis of the carotid wall (27) .
Intraobserver variability of all measurements was tested in 60 randomly chosen scans. The mean differences between two readings were 4.4 Ϯ 2.6%, 3.7 Ϯ 2.1%, and 6.8 Ϯ 4.3% for CCA IMT, luminal diameter, and MGL, respectively.
Stroke volume assessment
To address the contribution of stroke volume to vascular remodeling, a complete transthoracic Doppler echocardiography was performed for the participants of the recruitment center in Pisa (n ϭ 75), and stroke volume was calculated as the product of aortic valve cross-sectional area and trans-aortic flow velocity-time integral (16) . Trans-aortic flow was obtained in the apical projection, aortic valve opening was measured in the long-axis view, and aortic valve area was calculated by circular geometry. A single reader (M.K.) performed all measurements, and values used for calculation represent an average of five consecutive cardiac beats. Intraobserver variability of stroke volume measurement (tested in 30 randomly selected recordings) was 4.7 Ϯ 3.1%.
Statistical analysis
Quantitative data are expressed as mean Ϯ SD and categorical data as percentages. Skewed variables are given as median and (interquartile range), and were log transformed for statistical analyses. Relations among the outcome variables (CCA diameter, IMT, and MGL) and continuous variables were evaluated by univariate Pearson correlation coefficients. Multiple regression (or multiple logistical regression) analysis with center adjustment was then used to study the independence of the association of continuous variables (or nominal variables) with variables that did not exhibit excessive colinearity with each other. Statistical significance was set at a value of P Ͻ 0.05. Statistical analysis was performed by JMP software, version 3.1 (SAS Institute Inc., Cary, NC).
Results

Characteristics of study population
In the present study, we selected 627 subjects who met the following criteria: 1) an individual 10-yr coronary heart disease (CHD) risk, estimated from the Framingham Heart Study prediction score sheet, not higher than average as indicated for the corresponding sex and age (28); 2) IMT of the left CCA 0.90 mm or less and IMT in any carotid segment less than 2.0 mm; and 3) left CCA near-and far-wall intima-media complex clearly visualized over the segment of adequate length (ϳ20 mm). Clinical characteristics and CCA parameters for the whole study population and for men and women are shown in Table 1 . The 10-yr CHD risk as estimated from the Framingham prediction score sheet was low, below average, and average in 77, 18, and 5% of the study population, respectively.
CCA ultrasound measures, age, body composition, BP, and metabolic parameters
Univariate correlates between CCA ultrasound measures and age, body composition, BP, and metabolic parameters are shown in Table 2 . No relationships were observed between CCA diameter and post-load plasma glucose or insulin concentrations (at any time point during the OGTT or as areas under the respective OGTT curves). CCA IMT increased only with glucose OGTT area (r ϭ 0.15; P Ͻ 0.001). Table 2 also shows the relationships among body composition, BP, and metabolic parameters.
To assess whether any of the variables that showed a significant association with CCA measures in univariate analysis contributed independently to the variability of these measures, multiple regression analyses were performed, entering standardized diameter, IMT, and MGL as dependent variables and their significant correlates (Table 2) as independent variables. All analyses were adjusted for center, sex, and smoking habit, and in women for menopausal status. Independent correlates of CCA diameter were FFM and waist girth, together explaining 35% of diameter variability (Table 3 ). The inclusion of sex, which correlated highly with FFM (r ϭ 0.87; P Ͻ 0.0001), did not cancel anthropometric measures in the regression model (␤ Ϯ SE for sex, FFM and waist ϭ 29 Ϯ 7, 17 Ϯ 7 and 15 Ϯ 5; P Ͻ 0.05-0.0001; R 2 ϭ0.36). Neither body mass index (BMI) nor any metabolic parameter improved the regression model or replaced/canceled FFM in the model. When divided according to sex, independent predictors of CCA diameter were age, FFM, and waist girth in men, and menopausal status and FFM in women.
Independent factors affecting far-wall IMT were age, luminal diameter, low-density lipoprotein (LDL)-cholesterol, and systolic BP accounting for 40% of IMT variance (Table 3 , model 1). When diameter was not included in the model, independent cor-relates of IMT were age, FFM, LDL-cholesterol, and systolic BP (Table 3 , model 2). BMI, fat mass, and waist girth did not replace/ cancel FFM in the model. When multivariate analyses were performed separately for men and women, luminal diameter, but not FFM, was independently related to CCA IMT.
In the whole study population and in women, MGL of carotid wall was independently related to age and waist girth, whereas in men MGL was related only to age (Table 3) . IMT was not an independent predictor of carotid wall MGL.
To minimize the effect of the statistical distribution of variables, the associations between CCA diameter or wall thickness and age, body composition, BP, and metabolic variables were also assessed by logistical regression using the highest quartile of CCA luminal diameter (Ն6.1 mm, mean 6.58) or IMT (Ն660 m, mean 726) as dependent variables. The models yielded a similar set of predictors, with age, FFM and mean BP significantly associated with a CCA diameter value in the upper quartile of the population (R 2 ϭ 0.27) (Fig. 1) , and with age, luminal diameter, systolic BP, and LDL-cholesterol significantly associated with an IMT value in the upper quartile of distribution (R 2 ϭ 0.29). Figure 2 shows the distribution of CCA wall tensile stress by quartiles of luminal diameter. After adjustment for sex and age, significant differences in tensile stress were observed between the quartiles of diameter. The percent increase in tensile stress between the first and fourth quartiles was 27%.
In a subgroup of 75 subjects with Doppler echocardiography (37 men, mean age ϭ 44 Ϯ 8 yr, BMI ϭ 26.5 Ϯ 4.6 kg/m 2 , FFM ϭ 54.8 Ϯ 11.7 kg, fat mass ϭ 22.7 Ϯ 9.8 kg, waist girth ϭ 89.3 Ϯ 12.9 cm, and LDL-cholesterol ϭ 2.93 Ϯ 0.72 mmol/liter), stroke volume (77 Ϯ 12 ml) was directly related to BMI, FFM, and waist girth (r ϭ 0.34, 0.57, and 0.45, P at least Ͻ0.005), but not to fat mass. By multivariate analysis, independent predictors of stroke volume were age, FFM, and heart rate accounting for 44% of stroke volume variability (Table 4) . Independent predictors of CCA luminal diameter (5.67 Ϯ 0.53 mm) were stroke volume, waist girth, and mean BP (Table 4, was not included in the model, independent predictors of diameter were FFM, waist girth, and mean BP (model 2). Independent correlates of CCA wall thickness (637 Ϯ 88 m) were similar as those in the whole study population (Tables 3 and 4) .
Discussion
The results of this cross-sectional study suggest that in a healthy population with low to average cardiovascular risk, body composition, mainly FFM, may influence CCA luminal diameter and consequently also IMT, independently of age, established atherosclerotic risk factors, and metabolic factors, like insulin resistance and plasma adiponectin levels. Furthermore, central adiposity seems to alter the acoustic properties of carotid wall. In our healthy subjects, FFM and waist girth were the only independent correlates of carotid diameter, and FFM remained independently related to luminal diameter when multivariate analysis was performed separately for men and women. Furthermore, in a subgroup of subjects who also underwent Doppler echocardiography (12% of study population), FFM was the strongest determinant of stroke volume, which together with waist girth was independently related to CCA diameter. Altogether these findings support the hypothesis that body composition modulates carotid luminal diameter through changes in stroke volume, and suggest that differences in body composition may contribute to well-known differences in CCA diameter between men and women (29) . It is also noteworthy that in our healthy middle-aged population, an independent effect of age on carotid luminal diameter was observed only in men, but not women. Age-dependent increase in carotid diameter can reflect age-associated changes in carotid wall structure (alterations in the content and integrity of the structural matrix proteins, namely elastin and collagen) (30) that might be influenced by endogenous estrogen levels (31) . Indeed, a high percentage of our women (82%) were in the reproductive phase, and menopause was independently and positively related to CCA diameter.
In our study, as well as in several other studies (3, 25) , a positive independent association was demonstrated between CCA luminal diameter and IMT. This association indicates the mutual adaptation between luminal diameter and wall thickness, and suggests that the FFM-related CCA luminal enlargement might induce a certain degree of wall thickening. However, it seems that an increase in wall thickness was not sufficient to maintain wall tensile stress constant because tensile stress increased with increasing luminal diameter (Fig. 2) . Interestingly, the increase in tensile stress between the first and fourth quartiles of diameter (27%) was similar to that observed by Chironi et al. (25) in 394 normotensive subjects (28%).
Besides the luminal diameter, independent predictors of CCA IMT were age, LDL-cholesterol, and systolic BP, an observation implying that carotid wall thickness represents a product of vascular aging, physiological adaptation to hemodynamic stimuli, and early atherosclerotic alterations. Therefore, the growing evidence showing the relationship between IMT and obesity (9 -11, 32) does not merely indicate early atherosclerosis but may also reflect an adaptive arterial remodeling, as in obese individuals with increasing weight increases BP (11) and FFM, which may account for 20 -40% of the weight excess (16, 33) .
Remodeling of carotid arteries is accompanied by changes in the wall composition (7) that modify the interaction between propagating ultrasound beam and arterial wall, leading to changes in tissue acoustic reflectivity. Acoustic properties of tissues can be quantitatively evaluated by digital densitometric analysis, which has identified the predominant cellular composition of atherosclerotic lesions (18, 20) . We have previously demonstrated (using the same densitometric analysis as in this study) (20) that MGL (or acoustic reflectivity) of initial atherosclerotic lesions is positively related to the smooth muscle cell content. In the present study, the MGL of the intima-media complex increased with age and waist girth. A positive association between age and acoustic reflectivity of carotid wall has been described by other authors (19, 34) , and is supposed to mirror the age-related increase in smooth muscle cells (35) and collagen fibers within carotid media (19) . A positive association between intima-media MGL and waist girth may be related to the endocrine activity of adipose tissue (36) , which expresses (together with other bioactive peptides) angiotensin II. Angiotensin II plays an important role in vascular remodeling because it enhances vascular protein synthesis and stimulates smooth muscle cell growth (37) . Furthermore, in elastic-type arteries like the aorta, angiotensin II induces a shift of vascular smooth muscle cells to synthetic phenotype, increases the deposition of fibrillar collagen in tunica media (38) , and modulates the expression and regulation of matrix metalloproteinases (39) . These changes can be expected to modify the acoustic properties of vascular wall, and indeed, the collagen content in carotid media has influenced its acoustic reflectivity (19) .
Study limitations
The design of the RISC study, a multicenter European study, allows investigations in a large and well-characterized healthy population. However, due to the large number of recruiting centers, only standard B-mode ultrasound scanners were used for carotid imaging, which brought about several limitations. First, carotid diameter was measured in conventional B-mode images and not by a radio frequency-based wall-tracking system that has higher temporal and spatial resolution, and, thus, may determine the end-diastolic diameter with higher accuracy (6, 32) . Second, carotid flow velocity by Doppler was not recorded, and carotid shear rate could not be estimated (6) . Third, ultrasound tissue characterization was not performed by backscatter signal analysis but by digital densitometric analysis of standard ultrasound images that are more influenced by ultrasound attenuation and gain settings. To restrict this limitation, two calibration steps were introduced into the analysis of each subject (see Subjects and Methods). Fourth, BP values used in multivariate models were obtained at the brachial artery and do not represent an accurate estimate of local carotid pressure. Due to the pressure amplification phenomenon, systolic BP and pulse pressure are higher in brachial artery than in carotid artery, and the difference between the two measurement sides decreases with age (40) .
Finally, the relationships between body composition and stroke volume and between stroke volume and arterial diameter were evaluated only in a small subgroup (12% of the whole population) recruited in a single center where Doppler echocardiography was performed. This subgroup had slightly higher FFM, waist girth, and CCA IMT, however, the independent correlates of both luminal diameter and wall thickness were similar to those observed in the whole study population, suggesting that this subgroup can be considered a representative sample.
Conclusions
The results of this cross-sectional study raise the possibility that in healthy subjects without increased cardiovascular risk, body composition-related changes in systemic hemodynamics may modulate the luminal diameter of CCA and induce adaptive changes in IMT due to a mutual adjustment between carotid diameter and wall thickness. Central adiposity seems to increase the acoustic reflectivity of the carotid wall. Further longitudinal studies are needed to establish clearly the temporal sequences of changes in the carotid structure.
